In this work, we analyze properties of BIC in CMOS-compatible one-dimensional photonic structure based on siliconon-insulator wafer at telecommunication wavelengths, where the absorption of silicon is negligible. We reveal that a high-index substrate could destroy both off-Γ BIC and in-plane symmetry protected at-Γ BIC turning them into resonant states due to leakage into the diffraction channels opening in the substrate.
INTRODUCTION
While localized states with energies under the light line of the surrounding space are ubiquitous [1] , optical bound states in the continuum (BICs) are a remarkable exception for this general rule. The BICs are spatially bounded (localized in one, two or even three dimensions [2] ) eigenstates of an optical system with quality factor that could, in principle, approach infinity despite lying within the light cone of the surrounding space, i.e. in the continuum spectrum of radiative modes [3] . The concept of BIC was firstly proposed by von Neumann and Wigner in 1929 for electron placed in a specific potential [4] . More recently, another examples of electronic BICs have been predicted theoretically in atomic and molecular systems [5] and in artificial systems [6] . In optics, the term bound state in the continuum first appeared around 2008 [7, 8] . Experimental observation of optical BIC followed only in 2011 [9] . Due to high Q-factor, optical BICs are very promising for many applications ranging from on-chip photonics and optical communications to biological sensing and photovoltaics. It has been already shown [10] that, in nonlinear materials due to the Kerr effect, a robust BIC arises in a self-adaptive way without necessity to tune the material parameters. In theory, BICs have infinite high quality factor, however, for real systems it is limited because of material absorption, technological imperfections, roughness, finite lateral size of samples and leakage into the substrate.
In this work we analyze transformation of BIC into a resonant state due to surface roughness and high-index substrate beneath the structure opening the diffraction channels. We implement a one-dimensional photonic structure based on silicon-on-insulator (SOI) wafer and reveal the critical role of the substrate on BIC. We demonstrate its transformation to a resonant state [11] , having a finite radiation lifetime, with the change of the thickness of the silica spacer separating the photonic structure and the substrate of SOI wafer.
SIMULATION AND ANALYSIS
The design of the photonic structure under study is shown in Fig. 1(a) . It consists of rectangular bars made of crystalline silicon surrounded by fused silica. Since the array is periodic in the x-direction, the eigenstates of the structure are characterized by the frequency f , the wave vector along the bars k y and by the Bloch quasi-wave vector k x restricted to the first Brillouin zone. The TE-polarized excitation wave has normal incidence for both cases. Calculated Q-factor (e) and dispersion curves (f) for both numerical models. Refractive indices of silica and silicon in the considered wavelength range have very weak dispersion [12] , so, we put them constants n SiO 2 = 1.44 and n Si = 3.48.
We consider two cases: (i) the first one is referred to as 'ideal', because it describes a periodic array of silicon bars and infinite silica medium; (ii) the second one is termed 'practical' and differs from the first case by adding a silicon substrate and surrounding air. The geometries of the first and second cases are shown in Figs. 2(a) and 2(c).
Let us first consider an 'ideal' structure without silicon substrate [see Fig. 2(a) ]. The calculated dispersion curves of the three lower TE modes are shown in Fig. 1(d) . The modes were numbered in order of occurrence in the spectrum, so the numbers do not indicate the characteristics of electric field. Since the eigenvalue solver returns complex eigenfrequencies f , we straightforwardly calculate the radiative Q-factor as
One can see from Fig. 2 (b,e) that the Q-factor of the TE 1 mode tends to infinity at Γ-point of k-space (normal incidence). In contrast, the Q-factor of the TM 1 mode diverges at normal and oblique incidence. At these points, leaky resonances turn into localized eigenmodes that do not decay and light becomes perfectly confined in the slab [see Figs In the 'practical' case, the photonic structure is placed on the silica spacer separating the structure and the silicon substrate. It might seem that the substrate should not destroy the at-Γ BIC since it is protected by in-plane symmetry which is not broken by the substrate [13] . However, it is true only for the subwavelength regime when the zeroth diffraction channel is forbidden due to the in-plane symmetry and higher diffraction channels are closed. In our case, the evanescent fields of the at-Γ BIC transform in the silicon substrate to propagating (diffractive) waves and the BIC becomes a resonant state. So, for the TE 1 mode with f Γ = 206 THz we have four waves diffracting at the angles α s = arcsin sn Si c/( f Γ a) , where s = ±1, ±2. The diffraction angles α s are defined with respect to the z-axis. Figure 2(d) shows how the energy stored in BIC leaks into the silicon substrate via open diffraction channels forming the characteristic interference pattern. In contrast, the frequency of at-Γ BIC of the TM 1 mode lies below the diffraction limit of the silica. Therefore, wave can not radiate into the silica layer and the BIC seemed to be protected by the in-plane symmetry which is not broken by the substrate. However, the volume of the TM 1 mode is huge enough to allow the penetration of decaying waves into the silicon substrate, where four additional diffractive channels (with order of s = ±1, ±2) into silicon are opened, since the second diffraction limit for the silicon is about 86 THz. A more detailed analysis of the structure is represented in Ref. [14] .
EXPERIMENT
To confirm our theoretical results experimentally, we fabricated a grating of silicon nanobars from SOI substrate with 1 μm-thick silicon oxide layer covered by a 330-nm-thick silicon slab shown in Fig. 1 . The grating is fabricated using electron beam lithography. The structure is then covered by 3 μm of silicon oxide via sputtering to create symmetric environment for guided modes of the grating.
To characterize the sample, we perform angle-resolved reflectivity measurements using the setup schematically shown in Fig. 3(c) . Figure 3(a) shows the measured map of the angle-resolved reflectance spectra of the fabricated structure normalized to the reflectance spectra of the unprocessed SOI wafer. The observed modulation corresponds to the Fabry-Perot modes of the SOI wafer. The interference of the incident light with the leaky modes results in Fano-type resonances [15] . The experimental spectra are in good agreement with the results of the FDTD simulation [ Fig. 3(b) ]. Comparison of Figs. 1(d) and 3 shows that two the most pronounced lines correspond to TE 1 and TE 2 modes. As it is shown in the insets of Fig. 3 , for small angles of incidence, the Fano-type peak corresponding to the TE 1 mode is less pronounced as compared to TE 2 mode because of its higher Q-factor. The resonance lifetimes can be determined from reflection spectra by extracting the linewidths of the observed Fano features. The results of the extraction for TE 1 mode from both experimental and FDTD data are presented in Fig. 4(a) along with the calculated Q-factor from the FEM simulations. Figure 4(a) shows that the Q-factor obtained from the FDTD calculation agrees well with the results of the FEM. The Q-factor extracted from the experimental reflectance spectra, however, reaches slightly lower values than the calculated Q-factor [ Fig. 4(a) ]. It should be noted that the resolution of the spectrometer allows to measure Q-factors up to 10 3 . However, due to divergence of the
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excitation beam in the experiment, we measure the characteristics not of single states with specific Bloch wavenumbers but their convolution. It explains the difference between the experimental data and simulations. 
CONCLUSION
In summary, we have theoretically and experimentally analyzed properties of the BIC in CMOS-compatible onedimensional photonic structure based on silicon-on-insulator wafer at telecommunication wavelengths. We have revealed that a high-index substrate could destroy even an at-Γ BIC protected by the in-plane symmetry and turn it into a resonant state. The obtained results provide useful guidelines for practical implementations of structures supporting optical bound states in the continuum and could find a number of applications in optical communications, on-chip photonics, laser physics and sensing.
